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RAYLEIGH-BREAKUP ATOMIZING DEVICES AND METHODS OF MAKING RAYLEIGH- 
BREAKUP ATOMIZING DEVICES 

BACKGROUND OF THE INVENTION 

The present application claims the benefit of U.S. 
Provisional Application Nos. 60/021,307, 50/021,308, and 
60/021,309. 

The U.S. Government may have a license to practice 
parts of this invention as provided for by the terms of 
contract No. DAAL01-93-C-0039 awarded by the U.S. Army 
Research Laboratory. 

Field of the Invention 

The present invention relates to atomizing devices and 
to methods of making the same and, more particularly, to 
micromachined atomizing devices that produce small droplets 
with a narrow droplet size distribution and to methods of 
making the same. 

Description of the Related Art 
Liquid atomizing devices are used in various 
mechanisms, such as medical nebulizers and fuel injectors 
for combustion chambers. The performance of many of these 
mechanisms can be improved if the atomizing device provides 
a spray with very small droplets or a narrow size 
distribution. For example, small droplets improve the 
effectiveness of medical nebulizers because small droplets 
(e.g., between 2 and 5 micrometers) can be efficiently 
deposited deep into the lungs. Additionally, small droplets 
(e.g., less than 20 micrometers) improve the efficiency of 
combustion devices by causing faster vaporization of the 
fuel . 



Conventional atomizing devices typically provide a 
spray having droplets within a wide range of sizes, 
including a small percentage of droplets that have a Sauter 
mean diameter smaller than 10 micrometers. Conventional 
atomizing devices have rarely been able to provide a spray 
having droplets limited to a small range of sizes and having 
a Sauter mean diameter smaller than 10 micrometers, without 
employing additional mechanisms such as high ultrasonic 
power or high-voltage electrostatic charging. 

The failure of conventional atomizing devices to 
provide a small range and small droplets can be attributed 
to the manner in which these devices perform atomization. 
Conventional atomizing devices break bulk liquid into 
relatively large ligaments, break the ligaments into 
relatively large drops through atomization, and break the 
large drops into smaller droplets through secondary 
atomization. As the droplets become smaller than 100 
micrometers, they become harder to break, and secondary 
atomization typically ceases, thus preventing most of the 
droplets from becoming as small as 10 micrometers. Also, 
since the bulk liquid is much larger than the desired 
droplet size and, therefore, must be broken down a number of 
times to become relatively small, the droplets ultimately 
formed by conventional devices will have a relatively wide 
size range. 

Efforts have been made to decrease droplet size by 
increasing the amount of gas forced through the atomizing 



device. However, this results in a large gas -liquid mass 
ratio, which is undesirable for many applications because it 
requires a large gas pump, a large amount of gas, and a high 
gas velocity. 

5 Another problem associated with conventional atomizing 

devices is that two devices, even of the same type, often 
will have different spray characteristics. These differing 
spray characteristics result from very minor variations in 
the structure of the atomizing device. With current 
10 manufacturing methods, these variations occur more 
frequently than is desired. 
SUMMARY OF THE INVENTION 

An object of the present invention is to provide 
atomizing devices that solve the foregoing problems. 
15 Another object of the present invention is to provide 

atomizing devices that produce a spray having droplets with 
a Sauter mean diameter of 10 micrometers or smaller. 

Yet another object of the present invention is to 
provide atomizing devices that produce a spray having 
20 droplets within a small range of diameters. 

Yet another object of the present invention is to 
provide atomizing devices having a small gas -liquid mass 
rati^o. 

Yet another object of the present invention is to 
2 5 provide atomizing devices of very small size, yet capable of 
substantial throughput of atomized liquid. 
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Yet another object of the present invention is to 
provide atomizing devices that can be mass produced and 
that, nevertheless, have consistent spray characteristics 
from device to device. 

Additional objects and advantages of the invention will 
become apparent from the description which follows. 
Additional advantages may also be learned by practice of the 
invention. 

In a broad aspect, the invention provides a method of 
atomizing a liquid, comprising the steps of forming a jet of 
liquid to form droplets of the liquid through Rayleigh 
breakup, and flowing a gas against the droplets to inhibit 
coalescence of the droplets. 

In another broad aspect, the invention provides an 
atomizing device comprising a liquid orifice for forming a 
jet of liquid that breaks into droplets of the liquid 
through Rayleigh breakup, and a gas orifice for flowing a 
gas against the droplets to inhibit coalescence of the 
droplets . 

In another broad aspect, the invention provides a 
method of forming an atomizing device, comprising the steps 
of forming a gas supply network and a liquid supply network 
in a substantially planar first layer and a substantially 
planar second layer, forming a gas orifice in the first 
layer that forms a jet of liquid that breaks into droplets 
of the liquid through Rayleigh breakup, forming a gas 
orifice in the first layer for flowing gas against the 



droplets to inhibit coalescence of the droplets, and 
connecting the first and second layers such that the gas and 
liquid supply networks supply gas and liquid to the gas and 
liquid orifices, respectively. 
5 In another broad aspect, the invention provides an 

atomizing device comprising a liquid orifice for forming a 
jet of liquid that breaks into droplets of the liquid 
through Rayleigh breakup, and a device in the orifice that 
creates a vibration in the jet of liquid to promote Rayleigh 
10 breakup. 

It is to be understood that both the foregoing summary 
and the following detailed description are exemplary and 
explanatory only and are not restrictive of the invention, 
as claimed. 
15 BRIEF DESCRIPTION OF THE DRAWINGS 

The invention will be described in conjunction with the 
accompanying drawings, which illustrate presently preferred 
embodiments of the invention. 

FIG. 1 is a top view of a first embodiment of an 
20 atomizing device according to the present invention. 

FIG. 2 is a sectional view of the first embodiment 
taken along line 2-2 of FIG. 1. 

FIG. 3 is a sectional view of the first embodiment 
taken along line 3-3 of FIG. 1. 
25 FIG. 4 is a top view of a second embodiment of an 

atomizing device according to the present invention. 
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FIG. 5 is a sectional view of the second embodiment 
taken along line 5-5 of FIG. 4. 

FIG. 6 is a top view of a third embodiment of an 
atomizing device according to the present invention. 

FIG. 7 is a sectional view of the third embodiment 
taken along line 7-7 of FIG. 6. 

FIG. 8 is a top view of a fourth embodiment of an 
atomizing device according to the present invention. 

FIG. 9 is a sectional view of the fourth embodiment 
taken along line 9-9 of FIG. 8. 

FIGS. 10 to 17 are top views of fifth through twelfth 
embodiments of atomizing devices according to the present 
invention. 

FIG. 18 is a sectional view of a thirteenth embodiment 
of an atomizing device according to the present invention. 

FIGS. 19 to 23 illustrate a preferred process for 
forming the atomizing device of the thirteenth embodiment. 

FIG. 24 is a sectional view of a fourteenth embodiment 
of an atomizing device according to the present invention. 

FIGS. 25 to 27 illustrate a first preferred process foi 
forming the atomizing device of the fourteenth embodiment. 

FIGS. 30 to 33 illustrate a second preferred process 
for forming the atomizing device of the fourteenth 
embodiment . 

FIG. 34 is a sectional view of a fifteenth embodiment 
of an atomizing device according to the present invention. 



FIG. 3 5 is a top view of a sixteenth embodiment of an 
atomizing device according to the present invention. 

FIG. 3 6 is a sectional view of the sixteenth embodiment 
taken along line 36-36 of FIG. 35. 
5 FIG. 3 7 is a schematic diagram of a fluid distribution 

network of a seventeenth embodiment of an atomizing device 
according to the present invention. 

FIG. 38 is an enlarged view of a portion of the fluid 
distribution network of FIG. 37. 
10 FIG. 3 9 is a sectional view of the seventeenth 

embodiment taken along line 39-39 of FIG* 37. 

FIG. 40 is a sectional view of the seventeenth 
embodiment taken along line 40-40 of FIG. 37. 

FIG. 41 is a sectional view of the seventeenth 
15 embodiment taken along line 41-41 of FIG. 37. 

FIG. 42 is a sectional view of the seventeenth 
embodiment taken along line 42-42 of FIG. 37. 

FIG. 43 is a top view of a wafer having a plurality of 
atomizing devices. 
20 DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Reference will now be made in detail to the preferred 
embodiments illustrated in the drawings. 

A first embodiment of an atomizing device 4 0 is shown 
in FIGS. 1 and 2. The atomizing device 40 includes a 
25 substantially planar first layer 42 and a substantially 

planar second layer 44. Each of the first and second layers 
42 and 44 preferably has an area of 1 square millimeter per 
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5 milliliters per minute of atomized liquid. More 
preferably, each of the first and second layers has a length 
of 5 millimeters, a width of 5 millimeters, and a thickness 
of 1 millimeter. 

The first and second layers 42 and 44 are preferably 
made of a material that can be micromachined and precisely 
fused together. More preferably, the first and second 
layers are formed of an etchable material, such as an 
elemental semiconductor material or silicon carbide. 
Suitable semiconductor materials include (100) orientation 
silicon, polycrystalline silicon, and germanium. Unless 
indicated otherwise in this specification, it is presently 
preferred that the layers of this embodiment and the other 
embodiments be made of (100) orientation silicon. However, 
in some instances, the layers can be made of other 
materials, such as PYREX. 

The first layer has liquid orifices 48, which will form 
jets of liquid that break into droplets through Rayleigh 
breakup. The liquid orifices 48 preferably have a circular 
cross -sectional shape, which causes minimal jet 
perturbation. The liquid orifices 48 preferably have a 
thickness of 5 micrometers. The diameter of the liquid 
orifices 48 is preferably approximately half the desired 
Sauter mean diameter of the droplets. in the preferred 
embodiment, the liquid orifices 48 have a 5 micrometer 
diameter to produce droplets having a Sauter mean diameter 
of 10 micrometers. The liquid orifices 48 are preferably 
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spaced from each other by a distance equal to 10 times the 
diameter of the liquid orifices 48. 

The first layer also has gas orifices 46 that flow gas 
against the droplets to inhibit coalescence of the droplets. 
5 The gas orifices 4 6 preferably have a rectangular cross- 
sectional shape, with a length of two to three times their 
width. More preferably, the gas orifices have a length of 
45 micrometers, a width of 15 micrometers, and a thickness 
of 5 micrometers. In this embodiment, the direction of gas 
10 flow through the gas orifices 46 is substantially parallel 
to the direction of liquid flow through the liquid orifices 
48. 

The first and second layers 42 and 44 form a gas supply 
network that supplies gas to the gas orifices 46. The gas 

15 supply network includes a gas port 58, which supplies gas to 
a gas passage 50. The gas passage 50 supplies gas to gas 
channels 52, which supply gas to the gas orifices 46. In 
some cases, each gas channel 52 can be divided into a set of 
two or more adjacent narrow gas channels to increase the 

20 structural integrity of the first layer 42. 

The first and second layers 42 and 44 also form a 
liquid supply network that supplies liquid to the liquid 
orifices 48. The liquid supply network includes a liquid 
port 60, which supplies liquid to a liquid passage 54. The 

25 liquid passage 54 supplies liquid to liquid channels 56, 
which supply liquid to the liquid orifices 48. 
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The gas and liquid channels 52 and 56 preferably have a 
width of 100 micrometers, a length of 1 to 2 millimeters, 
and a thickness almost equal to the thickness of the first 
layer 42. As shown in FIG. 1, the gas channels 52 and 
liquid channels 56 are preferably interdigi tated. 

The liquid port 60 preferably has a filter 61 at its 
inlet to remove impurities from the liquid to prevent 
clogging of the liquid orifices 48. The filter 61 
preferably has extremely fine filter pores that can, for 
example, be circular or square. The filter pores preferably 
have widths less than or equal to 1/3 of the width of the 
liquid orifices 48. Also, the filter 61 is preferably 
configured such that trapped particles may be easily removed 
from the filter surface. 

In the preferred embodiment, liquid forced through the 
liquid orifices 48 at, for example, a velocity of 10 meters 
per second and a flow rate of 5 grams per minute per square 
millimeter of surface occupied by the array of orifices will 
form jets of liquid that will break into droplets due to the 
Rayleigh breakup mechanism. 

Gas forced through the gas orifices 4 6 at, for example, 
a flow rate of 0.6 standard liters per minute per square 
millimeter of surface occupied by the array of orifices, 
will form gas jets that expand as they move away from the 
gas orifices 46. The expanding gas jets eventually 
intersect the droplets formed by the jets of liquid and 
prevent coalescence of these droplets, i.e., they prevent 



adjacent droplets from colliding with each other and forming 
larger droplets. Coalescence is preferably inhibited by 
providing sufficient gas velocity so that drag does not 
cause droplets to slow and collide with each other, 
5 Coalescence is also preferably inhibited by providing 

sufficient gas turbulence to shift the trajectory of the 
droplets such that they will not collide with each other. 

Droplets of nonuniform size will result if the liquid 
jets are sufficiently perturbed by the gas jets before 

10 Rayleigh breakup. Therefore, the gas orifices 46 should be 
arranged so that the gas jets do not perturb the liquid jets 
before breakup. This can be achieved by careful selection 
of the lateral separation of the gas and liquid orifices 46 
and 4 8 ("lateral" refers to the direction orthogonal to the 

15 direction of liquid flow) and by careful selection of the 
gas velocity. 

As the gas and liquid orifices 46 and 48 are moved 
further apart, the impact of the gas jets on the liquid 
moves further downstream. At an optimal separation (which 

20 can be determined empirically or by computational fluid 
dynamics modeling) , the gas will impact the liquid far 
enough downstream, and the gas velocity will have slowed at 
this region of impact, such that the gas does not perturb 
the Rayleigh breakup and yet still inhibits coalescence. In 

25 the present embodiment, that lateral distance is preferably 
equal to approximately one breakup length of the liquid jets 
(i.e., the distance from the surface of the atomizing device 

11 
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to the location of breakup of the jet into droplets . In 
particular, a distance of 60 micrometers is presently 
preferred when the gas has a dispersion angle of 45°. 

At the surface of the liquid jet, particularly near the 
liquid orifice, it is preferable that the gas not exceed the 
upper liznit of differential velocity between the liquid je t 
and the gas under which the Rayleigh breakup process 
dominates the disintegration of the liquid jet into 
droplets. At the gas orifice 46, the gas velocity may be 
well above the upper lixnit of differential velocity under 
which the Rayleigh breakup process dominates. A suitable 
amount of lateral separation between gas and liquid orifices 
allows gas jets to expand laterally and to slow down 
sufficiently before gas flow from gas orifices reach liquid 
jet surfaces. The lateral separation also allows space for 
limited turbulence to develop in the expanding gas flow, 
which helps avoid droplet coalescence beyond a liquid jet 
breakup point by dispersing trajectories of a train of 
droplets from each liquid jet. 

The atomizing device 40 can be produced in batches on 
wafers, similar to the production of batches of integrated 
circuits. For example, as shown in FIG. 43, a wafer is 
processed so as to have a plurality of sections that each 
constitute a first layer 42 of an atomizing device. 
Similarly, another wafer is processed so as to have a 
Plurality of sections that each constitute a second layer 44 
of an atomizing device. The wafers are aligned and 



connected to form a batch of atomizing devices, which are 
separated and connected to respective mounting structures. 
Alternatively, the atomizing devices could be connected to 
their respective mounting structures before separation. 
5 For ease of reference, the following, more specific, 

description of the manufacture of an atomizing device 
according to the present invention will be provided with 
reference to only one of the plurality of atomizing devices . 
The following description specifies certain processes that 
10 are presently preferred for micromachining the silicon 

layers. Unless otherwise indicated in this specification, 
the use of these processes is presently preferred for 
micromachining the silicon layers of all of the disclosed 
embodiments . 

15 Initially, an etch stop is provided in the first layer 

42 at a location corresponding to the bottom of the orifices 
46 and 48 and the top of the channels 52 and 56. The etch 
stop can be provided by known methods such as diffusion, ion 
implantation and epitaxial growth, and wafer bonding and 

2 0 thinning. Although the wafer bonding and thinning process 
requires the use of two layers to form an etch stop, the 
product formed by this process will be considered a single 
first layer 42 in this specification. It should be noted 
that the formation of oxygen precipitants can be reduced by 

25 avoiding heating the first layer in the range of 600 to 1000 
°C for an extended period of time and by using wafers with 
low oxygen content . 

13 



Next, a mask layer is deposited or grown on a first 
side of the first layer 42 and an etch pattern is then 
transferred into the mask layer in accordance with 
conventional techniques used in the production of integrated 
circuits. The first side of the first layer 42 is etched to 
form portions of the gas and liquid channels 52 and 56. The 
buried etch stop is used to avoid etching the walls of the 
orifices 46 and 48 during this channel etch. Preferably, 
this first side is etched using a vertical -wall 
micromachining process or a crystallographic etch, which are 
known for use in the production of integrated circuits. It 
is presently preferred to use a vertical -wall micromachining 
process, such as a silicon deep- trench reactive ion etch 
(RIE) process, a vertical-wall photoelectrochemical (PEC) 
etch process (as described in Richard Mlcak, Electrochemical 
and Photoelectrochemical Micromachining of Silicon in HF 
Electrolytes (1994) (thesis, Massachusetts Institute of 
Technology) , which is hereby incorporated by reference) , a 
hydroxide-based etch process, or ultrasonic machining. The 
RIE process is presently preferred. 

After the first side has been processed, a mask layer 
is deposited or grown on a second side of the first layer 42 
with an etch pattern aligned with the etch on the first 
side. The second side is then etched to form the gas and 
liquid orifices 46 and 48, preferably using a vertical-wall 
micromachining process. 
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The second layer 44 is etched in the same manner as the 
first layer 42 to form the gas and liquid ports 58 and 60. 
If desired, the second layer 44 could be etched to form 
portions of the passages 50 and 54 and channels 52 and 56. 
5 The first and second layers 42 and 44 are then 

connected to form the atomizing device 40. Silicon fusion 
bonding, with or without a flowable layer (e.g., 
borophosphosilicate glass or phosphosilicate glass) or an 
alloying layer (e.g., gold- indium or copper thin film), is 

10 the presently preferred process for connecting two silicon 
layers in this and the other embodiments. 

FIGS. 4 to 9 show second through fourth embodiments 
that are similar in many respects to the first embodiment 
shown in FIGS. 1 to 3. Differences between the second 

15 through fourth embodiments and the first embodiment are 
described below. 

The second embodiment of an atomizing device 60 is 
shown in FIGS. 4 and 5. In this embodiment, the gas 
orifices 46 are constructed such that a direction of gas 

20 flow through the gas orifices 46 extends at an angle 

relative to a direction of liquid flow through the liquid 
orifices 48. The gas orifices 46 are wider than in the 
first embodiment, preferably having a width of 65 
micrometers . 

25 This second embodiment allows gas to contact the liquid 

closer to the surface of the atomizing device 60 without 
decreasing the wall thickness of the channels 52 and 56 



below a desired amount. It may be necessary to flow gas 
against the liquid close to the surface of the atomizing 
device 60 when, for example, the liquid jets have very small 
diameters (e.g., approximately 2 micrometers) and, 
therefore, will break into droplets only a short distance 
from the surface (e.g., approximately 100 micrometers). 

The third embodiment of an atomizing device 70 is shown 
in FIGS. 6 and 7. In this embodiment, two rows of liquid 
orifices 48 are provided for each liquid channel 56. This 
provides a greater liquid atomization rate. 

The fourth embodiment of an atomizing device 80 is 
shown in FIGS. 8 and 9 . In this embodiment, two rows of 
liquid orifices 48 are provided for each liquid channel 56. 
Additionally, the gas orifices are constructed such that a 
direction of gas flow through the gas orifices 46 extends at 
an angle relative to a direction of liquid flow through the 
liquid orifices 48. 

FIGS. 10 to 17 show partial, top views of fifth through 
twelfth embodiments of the present invention. More 
particularly, FIGS . 10 to 17 show liquid orifices 48 having 
various non-circular, cross-sectional shapes, which will 
introduce disturbances into the liquid jet that will 
dominate the Rayleigh breakup process and yield a 
monodisperse mist. These views of the liquid orifices 48 
are enlarged for ease of illustration. 

The most stable cross-section for a liquid jet is a 
perfectly circular shape. Thus, the initial disturbances in 



a perfectly circular liquid jet are often exceedingly small 
and random and, therefore, sometimes too easily perturbed by 
gas jets from the gas orifices 46. 

It is desirable to introduce a continuous disturbance 
into the liquid jet that will dominate the breakup process 
and yield a monodisperse spray. The disturbance must have a 
relatively constant frequency corresponding to the specific 
wavelength desired for the disturbance (this frequency is 
related to wavelength by the jet velocity) or a wide 
spectrum of frequencies including the wavelength 
corresponding to the fastest-growing disturbance (the 
Rayleigh wavelength) . The collapse of a non-circular, 
liquid jet creates an oscillation with many frequencies. 
Specifically, surface tension reshapes the liquid jet to 
eliminate edges with smaller radius of curvature than other 
parts of the jet's surface. This sets up an oscillation in 
the jet which, when properly optimized (empirically or 
through computation) , can promote breakup into uniformly 
sized droplets. 

The shapes shown in FIGS. 10 to 17 can be used with the 
same general structure shown and described in connection 
with any of the other disclosed embodiments. These shapes 
are merely exemplary, since many non- circular orifice shapes 
can be used. 

FIGS. 18 and 24 show partial, cross-sectional views of 
thirteenth and fourteenth embodiments, respectively, of 
atomizing devices according to the present invention. These 
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embodiments include devices that actively introduce 
continuous disturbances into the liquid jet that will 
dominate the Rayleigh breakup process and yield a 
monodisperse mist. 

The wavelength of a natural (passive) disturbance that 
grows fastest (and which therefore dominates the breakup 
process in the absence of an actively driven disturbance) is 
4.5 times the jet diameter. Thus, the desired frequency for 
the disturbance can be calculated by using the formula 
v = fX, where v is the velocity, f is the frequency, and X 
is the wavelength. 

For example, if the jet diameter is 10 micrometers, the 
target wavelength is 45 micrometers. If the discharge 
velocity of the liquid is 10 micrometers per microsecond, it 
takes 4.5 microseconds for one wavelength to pass a 
reference point, and therefore the driving frequency should 
be 222 KHz . This generally applies to liquids with a 
viscosity approximately equivalent to water, but does not 
apply to high viscosity liquids. 

The thirteenth embodiment shown in FIG. 18 has a liquid 
orifice 48 arrangement that can be used with the same 
general structure shown and described in connection with any 
of the other embodiments. In this thirteenth embodiment, 
thin, flexible strips 90 are provided at the outlet of each 
of the liquid orifices 48. These strips 90 introduce a 
disturbance in the liquid jet. 
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These flexible strips 90 extend from the edge of the 
liquid orifices 48 into the liquid flow stream so that as 
the liquid streams out of the liquid orifice 48, the 
flexible strips 90 flap in the flow stream. This flapping 
passes a spontaneous oscillation into the liquid as it 
passes through the liquid orifice 48. When structured (in 
terms of thickness, length, and stiffness) so that the 
wavelength of the flapping oscillation is comparable to the 
wavelength needed for Rayleigh breakup, the spontaneous 
oscillation frequency will be in the right range for 
facilitating Rayleigh breakup of the liquid jet. Generally, 
each flexible strip 90 preferably has a width less than one- 
tenth of the diameter of the liquid orifice 4 8 and a length 
less than one-half the diameter of the liquid orifice 48. 

The preferred process for making the atomizing device 
of the thirteenth embodiment can be explained in conjunction 
with FIGS. 19 to 23. 

As shown in FIG. 19, a high strength surface mask 91 is 
deposited or grown on the first layer 42. The mask 91 is 
preferably silicon nitride or silicon dioxide and silicon 
nitride. The strips 90 are included in the hole pattern for 
the liquid orifice 48, as shown in FIG. 20. Then, the 
liquid orifice 48 is formed as shown in FIG. 21, preferably 
by using a vertical -wall micromachining process, and most 
preferably by using the RIE process. 

As shown in FIG. 22, a second etch step is performed to 
remove silicon under the thin flexible strips 90. This 
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second step of etching may be either an isotropic etch 

(e.g., plasma etch) or » rrvflhaii^ ?r u^ ^ ^ _u ' 

■ — -r — **—.%/yj.ap M xu cucn \ e . g . # 

potassium hydroxide) , as long as the sides of the silicon 
under the strips 90 are not (111) planes. This will result 
in some expansion of the orifice, so the mask opening size 
must compensate for this expansion. 

Next, as shown in FIG. 23, the liquid channels 56 for 
the liquid orifices 48 are formed in the manner described 
above in regard to the first embodiment. 

The fourteenth embodiment of an atomizing device 94 
shown in FIG. 24 has a liquid orifice 48 arrangement that 
can be used with the same general structure shown and 
described in connection with any of the other embodiments . 
In this fourteenth embodiment, fluidic feedback oscillators 
96 are provided near the outlet of each of the liquid 
orifices 48. These fluidic feedback oscillators 96 
introduce a disturbance into the liquid jet. 

The fluidic feedback oscillators 94 are formed by 
creating recirculation portions in the liquid orifice 48, 
which create recirculation zones in the liquid flow pattern. 
These recirculation zones are feedback loops that create the 
conditions for spontaneous oscillation to occur in the 
liquid as it passes through the liquid orifice 48. When the 
fluidic feedback oscillators 96 are structured so that the 
wavelength of the feedback oscillation is comparable to the 
wavelength needed for Rayleigh breakup, the spontaneous 



oscillation frequency will be in the right range for 
facilitating Rayleigh breakup of the liquid jet. 

The desired frequency can be easily achieved with the 
fluidic feedback oscillators 96- The period of oscillation 
5 is approximately equal to twice the time for the fluid to 

travel one flow feedback path. Therefore the flow feedback 
path length should be on the order of 2 times the jet 
diameter. The specific geometry can be determined 
empirically. 

10 A first preferred process for making the atomizing 

device 94 of the fourteenth embodiment can be explained in 

conjunction with FIGS. 25-29. 

As shown in FIG. 25, a high-strength mask 91 is 

deposited or grown on the first layer 42. The mask 91 is 
15 preferably silicon nitride or silicon dioxide and silicon 

nitride. 

Next, the feedback oscillators 96 are formed, as shown 
in FIG. 27, preferably, by using an isotropic silicon etch. 
For example, this isotropic etch could be a plasma etch. 

20 As shown in FIG. 28, if the desired depth of the 

feedback oscillators 96 is less than the desired depth of 
the liquid orifice 48, a second orifice etch step is 
performed, preferably using a vertical -wall (anisotropic) 
silicon etch. For example, this anisotropic etch could be 

25 an RIE process. 
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Next, as shown in FIG. 29, the liquid channels 56 for 
the liquid orifices 48 are formed in the manner described 
above in regard to the first embodiment. 

Another process for making the atomizing device of the 
fourteenth embodiment can be explained in conjunction with 
FIGS . 30 to 33. 

As shown in FIG. 30, a high -strength mask 91 is 
deposited or grown on the first layer 42. The mask 91 is 
preferably silicon nitride or silicon dioxide and silicon 
nitride. As shown in FIG. 31, a vertical -wall 
micromachining process, such as the RIE process, is used to 
make an orifice. 

In a second etching step, a crystal lographic etch, such 
as a potassium hydroxide etch, is performed to produce the 
shape shown in FIG. 32. 

Next, the liquid channels 56 for the liquid orifices 48 
are formed in the manner described above in regard to the 
first embodiment. In this embodiment, the buried etch stop 
is used in both the second and the third etches. 

FIG. 34 shows a cross-sectional view of a fifteenth 
embodiment of an atomizing device 98 according to the 
present invention. This embodiment provides a bulk ceramic 
piezoelectric oscillator 101 that can be used with any of 
the other embodiments. 

The piezoelectric oscillator 101 includes a 
piezoceramic plate 103 and copper foils 105. The copper 
foils 105 are connected to a high-voltage AC power supply 



107 that supplies a drive voltage to the piezoelectric 
oscillator 101. The drive voltage can be varied to change 
the frequency of the oscillator 101 to a desired frequency 
for Rayleigh breakup. 
5 The dominating disturbance in all the liquid jets of 

the array can be provided by this piezoelectric oscillator 
101, which can be located on the frontside, backside, or 
side of the layers. The disadvantage of the piezoelectric 
oscillator it requires an external high-voltage frequency 
10 generator --is offset by the advantage that it allows 

control of the drive frequency independent of the liquid 
flow rate. 

FIGS. 35 and 36 show a sixteenth embodiment 140 of an 
atomizing device. This embodiment is the same as the first 
15 embodiment shown in FIGS. 1 to 3 , except this sixteenth 
embodiment has a different gas supply network. This gas 
supply network can be used with any of the preceding 
embodiments. 

The atomizing device 140 includes a substantially 
20 planar plenum layer 142, which forms a plenum 143 for gas. 
The gas port 58 supplies gas from a gas reservoir to the 
plenum 143, which in turn supplies gas to the gas orifices 
46. The plenum layer 142 preferably is formed from silicon, 
although it could be formed of other materials such as 
25 PYREX . 

The gas orifices 46 have a significantly greater 
thickness than in the first embodiment, extending through 



the first and second layers 42 and 44 so as to be in fluid 
communication with the plenum 143. Otherwise, the gas 
orifices 46, and the other components of the embodiment, 
preferably have the dimensions as in the first embodiment. 
The liquid orifices 48 and liquid channels 56 preferably 
have the same dimensions as in the first embodiment. 

The atomizing device 140 of this sixteenth embodiment 
can be produced in batches on wafers, similar to the 
atomizing device of the first embodiment. The inner 
surfaces of each layer are preferably formed using a 
vertical -wall micromachining process. The layers are then 
aligned and connected by silicon fusion bonding to form the 
atomizing device 140. 

A seventeenth embodiment 148 of the invention is shown 
in FIGS. 37 to 42. This embodiment is similar in many 
respects to the first embodiment shown in FIGS. 1 to 3 . 
However, this seventeenth embodiment has relatively complex 
gas and liquid supply networks including conduits, passages, 
and interdlgitated supply channels. These supply networks 
can also be used with the other embodiments. 

As shown generally in FIG. 37, gas enters through a gas 
port 118 and flows through a conduit 150 to smaller passages 
152. The gas from the passages 152 flows into even smaller 
channels 108, which supply the gas to gas orifices 110. 
Similarly, the liquid enters through a liquid port 120, 
flows through conduits 154, flows through smaller passages 



156, and flows through even smaller m channels 114, which 
supply the liquid to liquid orifices 116. 

As shown in FIG. 39, the atomizing device includes a 
connection block 158, a substantially planar filter layer 
5 160, a substantially planar first layer 102, and a 

substantially planar second layer 104. Each of the filter 
layer 100, first layer 102, and second layer 104 preferably 
has a length and a width determined by the desired liquid 
atomization rate (based on a chip rating such as 10 

10 milliliters per minute per square millimeter of orifices) , 

and a thickness within the standard range for silicon wafers 
(e.g., 500 micrometers) used for bulk micromachining or 
within the standard range for PYREX (e.g., 500 micrometers 
up to 4 millimeters thick) . 

15 The connection block 158 has a gas port 118 and a 

liquid port 120 for connection to gas and liquid reservoirs. 
The connection block 158 is preferably made of steel or 
other machinable material that is impervious to the liquid. 
As shown in FIG. 41, the filter layer 160 has a gas 

20 main supply 162 that feeds gas to the gas conduit 150. The 
gas main supply 162 is connected to the gas port 118 through 
an O-ring 164. 

The filter layer 160 also has a liquid main supply 166 
that feeds the liquid to the liquid conduits 154. The 

2 5 liquid main supply 166 is connected to the liquid port 12 0 
through an O-ring 168. 
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The liquid main supply 166 includes a plurality of 

elongated channels i*7n (vma 41 „j a ~> \ _ _ _ 

" ~ - 1 • Aj - . isacn or these 

channels 170 has filter pores 173 at its inlet. These 
filter pores 173 can, for example, be circular or square, 
and preferably have widths of less than or equal to 1/3 of 
the width of the liquid orifices 116. As shown in PIG. 42, 
the filter pores 173 can be flushed by flowing fluid into 
the liquid port 120 and out through a flushing port 172. 
During normal operation, this flushing port 172 is closed, 
unless a recirculating liquid pump system is used. 

Unlike the second layer 104 and filter layer 160, the 
first layer 102 is preferably made of PYREX. The first 
layer 102 has gas and liquid conduits 150 and 154 (FIG. 39) 
that are in fluid communication with the gas and liquid main 
supplies 102 and 166. The first layer 102 also has gas 
passages 152 (not shown in section) and liquid passages 156 
(FIG. 40) that are in fluid communication with the gas and 
liquid conduits 150 and 154. 

The second layer 104 has gas and liquid channels 108 
and 114 (PIG. 39) that are in fluid communication with the 
gas and liquid passages 152 and 156 and are preferably 
interdigitated. The gas and liquid channels 108 and 114 
provide gas and liquid to gas and liquid orifices 110 and 
116 formed in a surface of the second layer 104. The gas 
and liquid channels 108 and 114 and the gas and liquid 
orifices 110 and 116 preferably have the same dimensions as 
the channels and orifices of the first embodiment. 



The atomizing device 148 of this seventeenth embodiment 
can be produced in batches on wafers, similar to the 
atomizing device of the first embodiment. The inner 
surfaces of each layer are preferably formed using a 
5 vertical-wall micromachining process. However, the inner 
surfaces of the first layer 102, which is formed of PYREX, 
are preferably formed by ultrasonic machining. The filter, 
first, and second layers are then aligned and connected by 
anodic bonding. The gas and liquid ports 118 and 120 of the 

10 connection block 158, which is made of steel, are preferably 
formed by common machining methods, and the plenum, first, 
and second layers are then connected to the connection block 
through O-rings 164 and 168 (or a sealing gasket) to form 
the atomizing device. 

15 The present invention provides various advantages. 

Atomizing devices according to the present invention 
can provide a spray in which 90% of the liquid volume in the 
spray will be in droplets with diameters plus or minus 50% 
of the Sauter mean diameter. In other words, the present 

20 invention provides a monodisperse spray. 

Atomizing devices according to the present invention 
can have a low gas -liquid mass ratio of, for example, less 
than 2 . 

The present invention intersperses gas orifices among 
25 the liquid orifices to prevent liquid jets from getting 

trapped by droplets on the surface of the atomizing device. 
For example, a 1 micron diameter jet cannot break through a 
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1 millimeter thick pool of liquid sitting on the orifice of 
the atomizing device. The gas orifices prevent thick pools 
of liquid from forming on the surface of the atomizing 
device. 

5 The present invention solves the problem of droplet 

coalescence due to high drag forces on very small droplets. 
Very small droplets slow down quickly in air, are hit by the 
droplets behind them, and combine to form larger droplets. 
This seriously degrades the monodisperse characteristic of 

10 the spray. The present invention overcomes this problem by 
providing a gas coflow, at and beyond the point of liquid 
jet breakup, which has a velocity high enough to keep most 
droplets from hitting each other, thus preventing 
coalescence. The coflow also provides turbulence that is 

15 very effective at shifting droplet trajectories out of the 

stream from the liquid jet. A combination of turbulence and 
coflow velocity approximately equal to or greater than the 
jet velocity is required after the jets have broken up. 

The present invention does not allow the coflow air 

20 jets to disturb the Rayleigh breakup process, or to cause 
secondary atomization of the droplets. Coflow velocity is 
kept low close to the liquid orifices by positioning the gas 
orifices at an appropriate distance. 

The present invention prevents the orifices from 

25 becoming partially obstructed by providing a high-quality, 
non-shedding filter as an integral part of the atomizing 
device, preferably in such a way that the end user never 



opens the atomizing device between the filter and the 
micronozzle array chip. 

The present invention provides atomizing devices with 
fluidic oscillators that produce dilational or varicose 
5 waves in the jet have an advantage over those that produce 
sinuous waves. Only pressure and the fluidic oscillator 
structure is required to achieve an active, well-controlled 
disturbance of the liquid jet. Also, the fluidic 
oscillators have the desirable characteristic that the 

10 frequencies tend to be proportional to discharge velocity so 
that the wavelength of the disturbance is constant, just as 
the wavelength of the natural (passive) disturbance that 
grows fastest in the jet also is constant. 

The present invention minimizes the pressure drop for 

15 an orifice by keeping the orifice thickness short compared 
to the orifice diameter (in this invention, typically the 
thickness-to-diameter ratio of the orifice is less than 4, 
and is often less then 1) . Conventional machining 
techniques cannot produce strong orifices with a thickness 

20 of a few microns. However, with micromachining techniques 
and layer bonding techniques, strong orifices with 
thicknesses of a few microns can be made (e.g., a 4 micron 
thick orifice on a 100 micron wide channel is able to 
withstand 100 psi of supply pressure without cracking or 

25 rupturing) . 

Additionally, these atomizing devices can be formed by 
processes that permit batch production, thus allowing for 
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simultaneous production of hundreds to possibly more than a 
million atomizing devices on a chip. 

The present invention also provides for the formation 
of large arrays of orifices- This is important for 
5 obtaining high flow rates, or for scaling up the flow rate 
to a production environment* 

These atomizing devices are also made by methods that 
allow each device to be made precisely the same and in 
accordance with precise dimensional requirements. This is 
10 important for obtaining reproducible spray characteristics 
from one atomizing device to the next, or from one batch to 
the next. 

The present invention produces uniformly sized 
droplets, which are important in certain applications such 
15 as materials processing (e.g., pharmaceutical powder 
production by a spray-drying process) and medical 
nebulizers . 

The present invention provides high pressure operation 
of large arrays of nozzles with small thickness by keeping 
20 the ratio of (a) supply channel width to (b) orifice 

thickness low enough so that cracking and/or rupturing do 
not occur. 

The present invention supplies fluid to large arrays of 
orifices, without requiring a lot of space, by using 
25 efficient, space-saving networks of supply channels. These 
networks can be made efficiently via batch production. 
Tens, hundreds, or even thousands of supply channels can be 
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formed simultaneously in a layer or stack of layers, rather 
than being formed one channel at a time. Also, multiple 
layers of supply channels can be formed. This is important 
for supplying large arrays of orifices. 
5 The present invention also allows multifluid arrays in 

which neighboring orifices release different fluids. 

It will be apparent to those skilled in the art that 
various modifications and variations can be made in the 
apparatus of the present invention without departing from 

10 the scope or spirit of the invention. 

Other embodiments of invention will be apparent to 
those skilled in the art from consideration of the 
specification and practice of the invention disclosed 
herein. It is intended that the specification and examples 

15 be considered as exemplary only, with a true scope and 

spirit of the invention being indicated by the following 
claims . 
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WHAT IS CLAIMED IS ; 

1 1. A method of atomizing a liquid, comprising the 

2 steps of: 

3 forming a jet of liquid to form droplets of the liquid 

4 through Rayleigh breakup; and 

5 flowing a gas against the droplets to inhibit 

6 coalescence of the droplets* 

1 2. The method of claim 1, wherein the gas does not 

2 perturb the jet of liquid before the liquid breaks into 

3 droplets. 

1 3. The method of claim 2, wherein a difference between 

2 velocities of the liquid and gas is kept below a first wind 

3 threshold along a surface of the jet. 

1 4. The method of claim 1, wherein the gas is flowed at 

2 a velocity such that it does not cause secondary atomization 

3 of the droplets. 

1 5. The method of claim 1, wherein coalescence of the 

2 droplets is inhibited by providing sufficient gas velocity 

3 to inhibit reduction in spacing between droplets. 

1 6. The method of claim 1, wherein coalescence of the 

2 droplets is inhibited by providing sufficient gas turbulence 
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to shift trajectory of a droplet such that the droplet will 
not collide with an adjacent droplet. 

7. The method of claim 1, further comprising the step 
of introducing a disturbance into the jet of liquid to 
promote Rayleigh breakup. 

8. An atomizing device comprising: 

a liquid orifice for forming a jet of liquid that 
breaks into droplets of the liquid through Rayleigh breakup; 
and 

a gas orifice for flowing a gas against the droplets to 
inhibit coalescence of the droplets. 

9. The atomizing device of claim 8, further comprising 
a plurality of gas orifices and a plurality of liquid 
orifices . 

10. The atomizing device of claim 8, wherein a 
direction of gas flow through the gas orifice is 
substantially parallel to a direction of liquid flow through 
the liquid orifice. 

11. The atomizing device of claim 8, wherein a 
direction of gas flow through the gas orifice extends at an 
angle relative to a direction of liquid flow through the 
liquid orifice. 



1 12. The atomizing device of claim 8, wherein the gas 

2 orifice is spaced from the liquid orifice by a distance such 

3 that the gas does not perturb the jet of liquid before it 

4 breaks into droplets . 

1 13. The atomizing device of claim 7, wherein the 

2 liquid orifice has a non- circular cross -sectional shape. 

1 14* The atomizing device of claim 7, wherein the 

2 liquid orifice includes strips projecting into the liquid to 

3 introduce a disturbance into the jet of liquid. 

1 15. The atomizing device of claim 7, wherein the 

2 liquid orifice includes a fluid pathway for introducing a 

3 disturbance into the jet of liquid* 

1 16. The atomizing device of claim 7, further 

2 comprising an oscillating device for introducing a 

3 disturbance into the jet of liquid. 

1 17. The atomizing device of claim 8, further 

2 comprising a substantially planar first layer, wherein the 

3 first layer forms the liquid and gas orifices. 

1 18. The atomizing device of claim 17, further 

2 comprising a substantially planar second layer, wherein the 
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3 first and second layers form a gas supply network including 

4 a gas channel that supplies gas to the gas orifice, and a 

5 liquid supply network including a liquid channel that 

6 supplies liquid to the liquid orifice. 

1 19. The atomizing device of claim 18, wherein a 

2 direction of gas flow through the gas channel is 

3 substantially perpendicular to a direction of gas flow 

4 through the gas orifice, and a direction of liquid flow 

5 through the liquid channel is substantially perpendicular to 

6 a direction of liquid flow through the liquid orifice. 

1 20. The atomizing device of claim 18, further 

2 comprising a plurality of gas orifices and a plurality of 

3 liquid orifices, wherein the gas supply network includes a 

4 plurality of gas channels that supply gas to the gas 

5 orifices, and the liquid supply network includes a plurality 

6 of liquid channels that supply liquid to the liquid 

7 orifices. 

1 21. The atomizing device of claim 20, wherein each 

2 liquid channel is adjacent at least one gas channel. 

1 22. The atomizing device of claim 18, further 

2 comprising a filter for filtering liquid supplied to the 

3 liquid channel. 
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1 23. The atomizing device of claim 18, wherein at least 

2 one of the first and second layers includes an elemental 

3 semiconductor material ♦ 

1 24. The atomizing device of claim 23, wherein at least 

2 one of the first and second layers includes silicon. 

1 25. The atomizing device of claim 28, further 

2 comprising a plenum layer, which forms a plenum for 

3 supplying gas to the gas orifice. 

1 26. The atomizing device of claim 20, wherein the gas 

2 supply network further includes a plurality of gas passages, 

3 which are larger than the gas channels and supply gas to the 

4 gas channels, and the liquid supply network further includes 

5 a plurality of liquid passages, which are larger than the 

6 liquid channels and supply liquid to the liquid channels. 

1 27. The atomizing device of claim 26, wherein the gas 

2 supply network further includes a gas conduit, which is 

3 larger than the gas passages and supplies gas to the gas 

4 passages, and the liquid supply network further includes a 

5 liquid conduit, which is larger than the liquid passages and 

6 supplies liquid to the liquid passages. 
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28. A method of forming an atomizing device, 
comprising the steps of: 
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3 forming a gas supply network and a liquid supply 

4 network in a substantially planar first layer and a 

5 substantially planar second layer; 

6 forming a liquid orifice in the first layer that forms 

7 a jet of liquid that breaks into droplets of the liquid 

8 through Rayleigh breakup; 

9 forming a gas orifice in the first layer for flowing 

10 gas against the droplets to inhibit coalescence of the 

11 droplets; and 

12 connecting the first and second layers such that the 

13 gas and liquid supply networks supply gas and liquid to the 

14 gas and liquid orifices , respectively. 

1 29. The method of claim 28, wherein at least one of 

2 the first and second layers includes an elemental 

3 semiconductor material of silicon. 

1 30. The method of claim 29, wherein at least one of 

2 the first and second layers includes silicon. 

1 31. An atomizing device comprising: 

2 a liquid orifice for forming a jet of liquid that 

3 breaks into droplets of the liquid through Rayleigh breakup; 

4 and 

5 a device in the orifice that creates a vibration in the 

6 jet of liquid to promote Rayleigh breakup. 
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1 32. The atomizing device of claim 31, wherein the 

2 device includes a non-circular cross-sectional shape in the 

3 liquid orifice. 

1 33. The atomizing device of claim 31, wherein the 

2 device includes a pair of strips that project into the jet 

3 of liquid. 

1 34. The atomizing device of claim 31, wherein the 

2 device includes oscillation- forming recesses in the orifice 

3 walls. 
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